To avoid negative effects of transposable element (TE) proliferation, plants epigenetically silence TEs using a number of mechanisms, including RNA-directed DNA methylation. These epigenetic modifications can extend outside the boundaries of TE insertions and lead to silencing of nearby genes, resulting in a trade-off between TE silencing and interference with nearby gene regulation. Therefore, purifying selection is expected to remove silenced TE insertions near genes more efficiently and prevent their accumulation within a population. To explore how effects of TE silencing on gene regulation shapes purifying selection on TEs, we analyzed whole genome sequencing data from 166 individuals of a large population of the outcrossing species Capsella grandiflora. We found that most TEs are rare, and in chromosome arms, silenced TEs are exposed to stronger purifying selection than those that are not silenced by 24-nucleotide small RNAs, especially with increasing proximity to genes. An age-of-allele test of neutrality on a subset of TEs supports our inference of purifying selection on silenced TEs, suggesting that our results are robust to varying transposition rates. Our results provide new insights into the processes affecting the accumulation of TEs in an outcrossing species and support the view that epigenetic silencing of TEs results in a trade-off between preventing TE proliferation and interference with nearby gene regulation. We also suggest that in the centromeric and pericentromeric regions, the negative aspects of epigenetic TE silencing are missing.
Introduction
Since Barbara McClintock first described mobile elements in the maize genome in 1950 (McClintock 1950; Nanjundiah 1996) , transposable elements (TEs) have been found to be very frequent in the genomes of higher plants (Hollister et al. 2011) . Despite being common, the movement and accumulation of TEs are viewed as disadvantageous for the host. This is mainly because new TE insertions can disrupt genes or other functional DNA sequences, increase the risk of ectopic recombination, and because TEs are linked to a metabolic cost for the host (Langley et al. 1988; Finnegan 1992; Badge and Brookfield 1997; Hollister and Gaut 2009; Lee 2015) . However, other factors, like the epigenetic modification of a TE insertion, can also potentially be harmful for the host (Hollister and Gaut 2009; Lisch 2013; Lee 2015; Hirsch and Springer 2017) .
The methylation of TEs is the result of the defense mechanisms of the host plant, which can downregulate the activity of TEs, thus preventing further proliferation (Lisch 2013; Mar ı-Ord oñez et al. 2013; Fultz et al. 2015) . In plants, epigenetic silencing of TEs is achieved mainly via the RNA-directed DNA methylation (RdDM) pathway which includes the plantspecific RNA polymerase IV (Pol IV) and 24-nucleotide (nt) small interfering RNAs (siRNAs) (Mar ı-Ord oñez et al. 2013; Matzke et al. 2015; Fultz et al. 2015) . The Pol IV RdDM pathway primarily initiates, maintains, and reinforces the methylation of TEs, which are targeted by 24-nt siRNAs (Fultz et al. 2015) . The 24-nt siRNAs are usually derived from the TE mRNA of the targeted insertion, but these 24-nt siRNAs are also known to be able to trans-silence other highly similar TEs (Slotkin et al. 2005; Mar ı-Ord oñez et al. 2013; Fultz et al. 2015) . Hollister and Gaut (2009) showed that the regulation of TE activities through epigenetic silencing could cause a conflict between reducing transposition and interfering with the expression of neighboring genes. Since epigenetically silenced TEs have a distinct chromatin state from active functional DNA sequences, the spreading of chromatin modifications, which were initially intended to silence a TE insertion, into neighboring genes and their cis-regulatory regions can silence these genes (Hirsch and Springer 2017) . In the selfer Arabidopsis thaliana, where most TE variants are rare and associated with altered gene expression and methylation (Stuart et al. 2016) , the genomic distribution of TEs is thought to be mainly governed by purifying selection acting against insertions in and close to genes (Wright et al. 2003; Hollister and Gaut 2009) . However, the effect of purifying selection on TE insertions close to genes, especially on epigenetically silenced TEs, is less well studied in outcrossing plants (but see, e.g., Lockton et al. 2008; Lockton and Gaut 2010) .
If purifying selection affects TEs differently depending on their epigenetics, then this should result in a deficit of silenced TEs within genomic regions where silencing TEs is linked to disadvantages. In addition, purifying selection is expected to skew the insertion frequency spectrum (IFS) of silenced TEs toward an increased proportion of rare insertions (Nielsen and Slatkin 2014) . However, nonequilibrium demography, TE insertion biases or nonconstant transposition rates caused by recent TE bursts can also result in similar signatures (Barr on et al. 2014; Blumenstiel et al. 2014; Maumus and Quesneville 2014) . For example, recent TE bursts are expected to increase the proportion of rare TEs through a rapid accumulation of young insertions (Barr on et al. 2014; Blumenstiel et al. 2014; Maumus and Quesneville 2014) . Therefore, controlling for demographic effects and transposition rate variation is crucial for assessing the influence of purifying selection on TEs.
The outcrossing crucifer Capsella grandiflora, which is closely related to the self-fertilizing model plants Capsella rubella and A. thaliana, is a well-suited model system to quantify selection on TEs. The main benefits of studying C. grandiflora are its large and relatively constant effective population size without strong population structure (Foxe et al. 2009; Slotte et al. 2010; Douglas et al. 2015) , in contrast to the outcrosser Arabidopsis lyrata, where strong population structure and historical bottlenecks need to be accounted for when inferring selection on TEs (Lockton et al. 2008; Lockton and Gaut 2010) . In C. grandiflora, natural selection on both proteincoding and conserved noncoding genomic regions is efficient (Slotte et al. 2010; Williamson et al. 2014; Steige et al. 2017) and, in contrast to highly selfing species where TEs could be affected by linked selection, the outcrossing nature and rapid decay of linkage disequilibrium of C. grandiflora enables the study of local selection effects acting on TEs. Furthermore, whole genome sequencing data are available from large C. grandiflora populations (Josephs et al. 2015; Steige et al. 2017) .
A previous study on C. grandiflora showed that the presence/absence of TEs in proximity of genes was associated with cis-regulatory gene expression variation (Steige et al. 2017) . Additionally, analyses of allele-specific gene expression have shown that silencing of TEs near genes is associated with reduced expression of the allele on the same haplotype as the TE insertion in Capsella (Steige et al. 2015) . Hence, there is accumulating evidence that TE silencing affects gene expression in Capsella, but how this shapes selection against TEs has not yet been thoroughly elucidated. In this study, we used whole genome resequencing data from 166 individuals of a large C. grandiflora population to investigate how interference between TE silencing and gene regulation affects selection on TE insertions.
Materials and Methods

Population Genomic Data Processing
We downloaded whole genome resequencing data from 200 individuals of a single C. grandiflora population, generated by Josephs et al. (2015) (NCBI accession number PRJNA275635, ID: 275635). We trimmed the paired-end 100-bp raw reads with Trimmomatic 0.32 (Bolger et al. 2014) , and randomly subsampled reads of each individual to a total of 54 million reads per sample (average coverage 25Â) to avoid an overrepresentation of individual samples with high coverage.
We mapped the trimmed reads to a TE-merged reference with bwa bwasw 0.7.13 (Li and Durbin 2009) , as recommended before analyses with PoPoolationTE2 (Kofler et al. 2016) . The TE-merged reference was based on the v1.0 C. rubella reference (masked with RepeatMasker 4.0.7; http:// www.repeatmasker.org, last accessed December 1, 2016) and we used a library of TE sequences from Slotte et al. (2013) . After removing 34 samples with poor mapping coverage (supplementary table S1, Supplementary Material online), we generated a pooled C. grandiflora population data set by merging the mapped reads for all remaining 166 individuals with SAMtools 1.3 Li 2011) .
In order to compare TE insertion frequencies with site frequency spectra at 4-fold degenerate synonymous sites and 0-fold degenerate nonsynonymous sites, we mapped the trimmed and subsampled reads from the 166 C. grandiflora individuals included in the TE analyses to the C. rubella reference genome using bwa mem 0.7.13 (Li 2013) . We then performed variant calling using GATK 3.3.0 (McKenna et al. 2010) , SAMtools 1.3 Li 2011) , and the Picard toolkit (http://broadinstitute.github.io/picard/; last accessed February 1, 2017). We called variants using Unified Genotyper (DePristo et al. 2011; Van der Auwera et al. 2013) , and applied default hard filtering on the identified SNPs in order to remove poorly called sites. In addition, we removed all sites found in repeats detected in the C. rubella reference genome by RepeatMasker 4.0.7, using BEDTools 2.26.0 (Quinlan and Hall 2010) . We further filtered the coverage depth of each site on an individual level to remove all allele calls with coverage <10 or >200 with VCFtools 0.1.15 (Danecek et al. 2011) . To polarize alleles as ancestral or derived, we followed the procedure outlined in Laenen et al. (2017) relying on a three-way whole-genome alignment of C. rubella, A. thaliana, and A. lyrata generated as in Steige et al. (2017) .
To inspect whether there was evidence for major deviations from our assumption that C. grandiflora has a stable effective population size with no major population structure, we computed the polarized site frequency spectrum (SFS) of all 4-fold degenerate sites found in the population and compared it with the expected SFS for a standard neutral population. All 4-fold degenerate sites, where at least 300 of the 332 alleles were successfully assessed, were used to compute the polarized SFS in R 3.3.0 (R Development Core Team 2008). The expected SFS of neutrally evolving sites in a constant population was calculated by using the Watterson estimator for genetic diversity for 4-fold sites (Watterson 1975 ). In addition, we generated the polarized 0-fold degenerate SFS, which represents a site class where new mutations experience substantial purifying selection in C. grandiflora (Slotte et al. 2010; Williamson et al. 2014; Steige et al. 2017 ).
Identification of TEs Targeted by 24-Nucleotide Small RNAs
In order to distinguish TE insertions that are silenced and those that are not, we determined which insertions were targeted by siRNAs. Because a high-quality C. grandiflora reference genome assembly was lacking, we circumvented this issue by identifying insertions targeted by siRNAs in the closely related species C. rubella. C. rubella was derived from a C. grandiflora-like outcrossing ancestor fairly recently, most likely <200,000 years ago (Foxe et al. 2009; Guo et al. 2009; Brandvain et al. 2013; Slotte et al. 2013) , and it is the best available model for inferring such information. Additionally, a previous study found no evidence for different TE silencing efficacies between C. rubella and C. grandiflora (Steige et al. 2015) , hence, we expect silenced TEs in C. rubella to be also silenced in C. grandiflora.TEs targeted by siRNAs were determined by using small RNA sequencing data from roots, seedlings, and flowers of the C. rubella reference accession generated by Smith et al. (2015) (NCBI Accession: PRJNA212731, ID: 455735/456437/456438). We trimmed the raw sRNA reads with Trimmomatic 0.32 (Bolger et al. 2014) and mapped them to the TE-merged-reference using STAR 2.5.1b (Dobin et al. 2013) , with default settings modified to allow mapping of small RNA reads. After removing all reads with more than one nucleotide soft-clipped from their 5 0 end, in order to remove long RNA reads which were not fully mapped by STAR, we considered all RNA reads, which mapped to a TE, with a length of 24 nucleotides and no mismatches to be siRNAs. We considered all TEs with a minimum of 10 mapped siRNAs to be effectively targeted by siRNAs and silenced, and labeled them as siRNAþ TEs. The remaining TEs were labeled siRNAÀ TEs. Within the C. grandiflora population, all copies of a siRNAþ and siRNAÀ TEs were considered as siRNAþ and siRNAÀ TE insertions, respectively. Differentiating between uniquely and multi-mapping siRNAs to assess siRNAþ and siRNAÀ TE insertions yielded concordant results with the approach described earlier (supplementary fig. S1 , Supplementary Material online) and the results are also robust to a different choice of cutoff for designating TEs as siRNAþ and siRNAÀ (supplementary figs. S2 and S3, Supplementary Material online) and to a restriction of the data to the eight main scaffolds of C. grandiflora (supplementary fig. S4 , Supplementary Material online).
Purifying Selection on TEs
We used PoPoolationTE2 (Kofler et al. 2016 ) to identify and estimate the frequencies of TE insertions present in the C. grandiflora population. This method does not rely on the annotated TEs present in the reference genome and is therefore able to identify both novel and annotated TEs, as well as estimate their population frequencies. We analyzed our pooled population data set, following recommendations for PoPoolationTE2 analyses (Kofler et al. 2016 ) with slight modifications. Specifically, we conducted hard filtering of the TE insertions based on a minimum average physical coverage of 10, minimum average coverage of 10, maximum allowed frequency of other TEs of 0.2, and maximum allowed frequency of structural variants of 0.2. We used the results from PopoolationTE2 to generate insertion frequency spectra (IFS) of the TE insertions detected in the pooled C. grandiflora population data set. Distinguishing between retrotransposons (class I TEs) and DNA transposons (class II TEs) resulted in similar patterns for the IFS (supplementary figs. S5 and S6, Supplementary Material online), hence, we present results for all TEs here.
Interference of TE silencing with nearby gene regulation is expected to depend on the genomic region in which the TE is inserted. We therefore distinguished between TEs inserted in centromeric and pericentromeric regions, which are likely highly heterochromatic, and those inserted in the chromosome arms, which are expected to have a higher proportion of open chromatin, and where insertion of a silenced TE might be more likely to interfere with gene regulation. If siRNAþ TEs in chromosome arms are subject to stronger purifying selection than those in centromeric/pericentromeric regions, we expect the proportion of siRNAþ TEs to be lower in chromosome arms than in centromeric/pericentromeric regions. Genomic regions were assigned as likely centromeric/pericentromeric or representing chromosome arms (supplementary table S2, Supplementary Material online) as in Steige et al. (2015) , and we tested for a difference in the proportion of siRNAþ TEs between these regions using binomial tests in R 3.3.0 (R Development Core Team 2008).
A dearth of siRNAþ TEs in chromosome arms could potentially be an effect of preferential insertion of TEs in centromeric and pericentromeric regions. We therefore used insertion frequency spectra to test whether there was evidence for stronger purifying selection on siRNAþ TEs near genes. If the impact of TE silencing on gene expression results in stronger purifying selection on TEs, we expect siRNAþ TEs close to genes to have an increased proportion of rare insertions (Nielsen and Slatkin 2014) . As the effects of TE silencing on nearby gene expression tend to be local and dissipate over a distance of > 2 kb (Hollister et al. 2011; Steige et al. 2015) , we classified TEs as follows: 1) insertions within genes, 2) TE insertions flanking genes but not more than 1 kb away from genes, 3) TE insertions within 1-2 kb from a gene, and 4) TE insertions further than 2 kb away from genes (excluding all TE insertions on scaffolds without genes). To test for differences in purifying selection on TEs, we compared insertion frequency spectra (IFS) for siRNAþ and siRNAÀ TE insertions in different genomic locations. We conducted tests of differences in the proportion of rare (frequency < 0.02) insertions depending on TE epigenetic status, based on IFS of TEs found within, flanking, 1-2, 2-3, 3-5 and >5 kb from genes using a Wilcoxon rank sum test in R 3.3.0 (R Development Core Team 2008).
The Age-of-Allele Neutrality Test for TE Insertions
To account for effects of a nonconstant transposition rate on our IFS, we performed the age-of-allele test of neutrality for TE insertions proposed by Blumenstiel et al. (2014) , on a subset of siRNAþ TE insertions found in the C. grandiflora population. Briefly, this method first infers the age of each TE insertion, using numbers of unique substitutions, and then uses information on TE age to infer the probability distribution of TE frequency in a neutrally evolving population. Results from this method can therefore be used to test for neutrality of TE insertions, without assuming a constant transposition rate.
For the age-of-allele neutrality test, we chose the retrotransposons Gypsy 2395 and Gypsy 2500, which had high copy numbers (212 and 242, respectively) within the C. rubella reference genome and were both designated as siRNAþ TEs. We note that the use of the C. rubella reference genome limits our ability to examine selection on very recently inserted TEs, which are not likely to be shared by C. grandiflora and C. rubella. Nevertheless, these analyses are useful to assess whether our inference of purifying selection on TEs in C. grandiflora is robust when relaxing the assumption of a nonconstant transposition rate. We extracted the sequence of all Gypsy 2395 and Gypsy 2500 copies from the C. rubella reference genome, including an additional 500 base pair (bp) window on both sides of the insertions. The sequences were numbered, combined into a FASTA file and mapped to the Gypsy 2395 and Gypsy 2500 reference sequence provided in the library of TE sequences published by Slotte et al. (2013) with bwa mem 0.7.13 (Li 2013) and SAMtools 1.3 Li 2011) , using the default settings. We sorted the mapped sequences by coordinates with the Picard toolkit (http://broadinstitute.github.io/picard/; last accessed February 1, 2017) and extracted the aligned sequence of each TE copy based on the CIGAR string of the corresponding mapped sequence. For sequences which mapped at multiple positions, we only considered the longest mapped sequence. The alignments were analyzed in R 3.3.0 (R Development Core Team 2008), and we assigned to each TE copy the number of unique sequence differences found only in that specific copy. For designating shared and unique sequence differences, we requested a minimum of five aligned copies per site. The number of unique sequence differences per Gypsy 2395 and Gypsy 2500 copy was used to carry out the age-of-allele test of neutrality for TE insertions following the procedure of Blumenstiel et al. (2014) , in R 3.3.0 (R Development Core Team 2008). We only included TE copies which were present in the C. grandiflora population and where we could align at least 1,000 bp to the respective TE reference sequence. We used a mutation rate of 7 Â 10 À9 (Ossowski et al. 2010) and an effective population size of 500,000 (Douglas et al. 2015) in these analyses.
Results
Identification of TE Insertions in the C. grandiflora Population and Assessment of 4-Fold Site Frequency Spectra
We detected a total of 14,728 TE insertions in the pooled population resequencing data from 166 C. grandiflora individuals. Most of these TE insertions were rare (supplementary table S3, Supplementary Material online), and there were more siRNAþ than siRNAÀ insertions (12,958 siRNAþ and 1,770 siRNAÀ TE insertions). TEs from the superfamilies Copia and Gypsy were the most common, with 4,998 and 4,281 TE insertions, respectively (supplementary  table  S4 , Supplementary Material online). There were a total of 7,798 TE insertions in centromeric/pericentromeric regions and 6,930 TE insertions in chromosome arms. In the centromeric/pericentromeric regions, we observed on an average a higher density of TE insertions than in the chromosome arms (153.1 vs. 82.6 TE insertions/Mbp, respectively).
To assess whether there was evidence for a deviation from demographic stability which could affect the interpretation of TE insertion frequency spectra, we computed the 4-fold degenerate polarized SFS and compared it with the expectation under the standard neutral model. As expected given previous inference of a relatively constant effective population size in C. grandiflora (Foxe et al. 2009; Slotte et al. 2013; Douglas et al. 2015; Steige et al. 2017 ), we observe a very good fit between the expected and observed SFS at 4-fold degenerate sites under neutrality and for a constant population size (supple mentary fig. S7 , Supplementary Material online).
TE Silencing Is Associated with Differences in the Genomic Distribution of TEs
Interference of TE silencing with nearby gene regulation could be expected to depend on the genomic region where the insertion occurs. Specifically, insertions in chromosome arms are more likely to result in interference with gene regulation than those in heterochromatic centromeric/pericentromeric regions. A signature of purifying selection against TEs due to their effects on gene expression is therefore expected to be a dearth of siRNAþ TEs in chromosome arms. Among all TE insertions, 7,151 siRNAþ and 647 siRNAÀ as well as 5,807 siRNAþ and 1,123 siRNAÀ TE insertions were located in the centromeric/pericentromeric regions and the chromosome arms, respectively. Overall, 55.2% of siRNAþ TE insertions (prop ¼ 0.552, SE ¼ 0.00437) were found in centromeric/ pericentromeric regions, and this was significantly higher than the percentage of siRNAÀ TE insertions found in centromeric/pericentromeric regions (36.6%) (two-sided binomial test, P value < 0.001, n ¼ 12,958). This agrees with the expectation if siRNAþ TEs in chromosome arms are under stronger purifying selection than siRNAÀ TEs, but could also be a result of TE insertion biases.
TE Silencing Is Associated with an Excess of Rare TE Insertions in Chromosome Arms
To further distinguish between possible TE insertion biases and varying purifying selection strength as causes of the genomic location of TEs, we computed the IFS of siRNAþ and siRNAÀ TE insertions in the two different genomic regions.
For TEs under stronger purifying selection, we expect an excess of rare insertions, and the excess of rare insertions should be positively correlated with the purifying selection strength affecting the TEs (Nielsen and Slatkin 2014) . Both siRNAþ and siRNAÀ TEs have a significantly higher proportion of rare insertions in the chromosome arms than in the centromeric/pericentromeric regions ( fig. 1A ; two-sided empirical probability estimation approach, Benjamini-Hochberg adjusted P value <0.001 for both insertion types). This suggests that purifying selection against TEs is stronger in chromosome arms than in centromeric/pericentromeric regions for both types of TEs.
We further found a significantly higher proportion of rare siRNAþ TE insertions compared with siRNAÀ TE insertions in the chromosome arms ( fig. 1A ; two-sided empirical probability estimation approach, Benjamini-Hochberg adjusted P value <0.001), whereas this was not the case in centromeric/pericentromeric regions. This agrees with our expectation if purifying selection is stronger on siRNAþ TEs than on siRNAÀ TEs specifically in chromosome arms, but not in centromeric/pericentromeric regions. Indeed, for siRNAþ TE insertions in chromosome arms, the proportion of rare alleles was higher than for 0-fold degenerate SNPs (supplementary fig. S7 , Supplementary Material online), which are under strong purifying selection in C. grandiflora (Slotte et al. 2010; Williamson et al. 2014; Steige et al. 2017 ).
Increased Proportion of Rare siRNAþ TE Insertions in the Proximity of Genes
After identifying significant differences in the proportion of rare siRNAþ and siRNAÀ TE insertions in the chromosome arms, we further examined how the proportion of TE insertions change with the distance to the next gene on chromosome arms (see Materials and Methods).
We found 1,471, 2,397, 904, and 962 siRNAþ as well as 407, 455, 153, and 104 siRNAÀ TE insertions within the four different groups sorted by increasing distance to the next gene (table 1) . There were significant differences in the observed proportion of siRNAþ and siRNAÀ TE insertions in genes, 1-2 kb, and >2 kb from genes (SE ¼ 0.0048-0.0058, n ¼ 5734, two-sided binomial test, Benjamini-Hochberg adjusted P value < 0.001), with siRNAþ TEs generally being less common in genes than siRNAÀ TEs (table 1) . However, the proportion of TE insertions flanking genes did not differ significantly between siRNAþ and siRNAÀ TE insertions (SE ¼ 0.0065, n ¼ 5734, two-sided binomial test, NS).
Comparing the IFS of the four TE insertion groups revealed that siRNAþ TEs closer to genes had a higher proportion of rare insertions ( fig. 1B ; two-sided empirical probability estimation approach, Benjamini-Hochberg adjusted P value ¼ 0.02 comparing siRNAþ TE insertions flanking and 1-2 kb from genes and Benjamini-Hochberg adjusted P value <0.001 for all other comparisons), as expected if siRNAþ insertions closer to genes are more strongly selected against than those further from genes. However, for siRNAÀ TEs, a similar pattern was found, with flanking TEs having more rare insertions than more distant TEs ( fig. 1C ; two-sided empirical probability estimation approach, Benjamini-Hochberg adjusted P value <0.001, P value ¼0.02, and P value ¼0.003 for siRNAÀ TE insertions in genes, 1-2 kb and >2 kb from genes, respectively), suggesting that other forces than TE silencing also affect purifying selection against TEs.
Differences in the Proportion of Rare siRNAþ and siRNAÀ TE Insertions in Genes
To investigate how purifying selection on TEs is mediated by the epigenetics of the TE insertions, we compared the proportion of rare insertions of siRNAþ and siRNAÀ TE insertions at varying distances from genes. If purifying selection is stronger on siRNAþ than on siRNAÀ TE insertions near genes, we expect to observe a greater proportion of rare siRNAþ TE insertions than the proportion of rare siRNAÀ TE insertions.
We found a significantly higher proportion of rare siRNAþ than siRNAÀ TE insertions ( fig. 2 , two-sided paired Wilcoxon rank sum test, P value ¼0.03), suggesting that siRNAþ TE insertions are overall under stronger purifying selection than siRNAÀ TEs in the chromosome arms. However, the largest difference was found for TEs within genes, not flanking genes.
siRNAþ TEs Are Further from Genes than siRNAÀ TEs If siRNAþ TE insertions near genes are removed by purifying selection at a higher rate than siRNAÀ TE insertions, then we expect siRNAþ TE insertions in the chromosome arms to be further away from the next gene than siRNAÀ TE insertions. This was indeed the case (two-sided Wilcoxon rank sum test, P value <0.001), and the median distance between siRNAþ and siRNAÀ TE insertions and the next gene was 819 and 659 bp, respectively (supplementary fig. S8 , Supplementary Material online).
Testing for Purifying Selection under Relaxed Transposition Rate Assumptions
To examine whether a nonequilibrium transposition rate could be exclusively responsible for our observations, we conducted a neutrality test that accounts for TE age and is thus robust to varying transposition rates. We focused on two siRNAþ retrotransposons, Gypsy 2395 and Gypsy 2500, which were common in the C. rubella reference genome. For these TEs, the age-of-allele test of neutrality for TE insertions (Blumenstiel et al. 2014 ) supported purifying selection against some old TE insertions ( fig. 3 ) and purifying selection contributing to the IFS skews. Indeed, for the 28 TE insertions examined, 9 insertions had a frequency significantly smaller (P value <0.05) than expected under neutrality ( fig. 3 ).
Assessing the Potential Impact of Different Ectopic Recombination Probabilities
Skews toward rare insertions in the IFS could also be the result of purifying selection acting against the accumulation of longer TEs, which are more prone to undergo ectopic recombination and lead to deleterious chromosomal rearrangements (Hollister and Gaut 2009; Lee 2015) . However, siRNAþ TEs were significantly shorter than siRNAÀ TEs (two-sided Wilcoxon rank sum test, P value <0.001) and therefore the observed excesses of rare siRNAþ TEs cannot be explained by the length differences between siRNAþ and siRNAÀ TEs (sup plementary fig. S9 , Supplementary Material online).
Discussion
Here, we have investigated how interference between TE silencing and gene regulation affects the impact of purifying selection on TEs in a large population of the outcrossing plant C. grandiflora. By analyzing whole genome resequencing data in conjunction with small RNA data, we have investigated the genomic distribution and insertion frequency spectra of siRNAþ and siRNAÀ TEs. We found that overall, most TEs were rare, and that for chromosome arms, but not for centromeric and pericentromeric regions, there was an excess of low-frequency TE insertions specifically for siRNAþ TEs. This is in line with the hypothesis that in highly methylated and heterochromatic centromeric/pericentromeric regions, targeting of TEs for silencing by 24-nucleotide siRNAs is not likely to interfere with gene expression. Therefore, small RNA-based TE silencing is less likely to have negative side effects in this genomic region. Within the chromosome arms, siRNAþ TE insertions were further away from genes than siRNAÀ TE insertions (supple mentary fig. S8 , Supplementary Material online), and siRNAþ TEs that were closer to genes had a higher proportion of rare insertions. In contrast, siRNAÀ TEs showed a more complicated pattern with respect to skews in the IFS (fig. 1C) . Our results agree in general with expectations if the impact of purifying selection on siRNAþ TEs is stronger close to genes. Although different efficacies of removal of TEs by ectopic recombination may contribute to differences in the TE content of chromosome arms and centromeric/pericentromeric regions, we found that siRNAÀ TEs were longer than siRNAþ TEs, hence, stronger purifying selection against siRNAþ TEs as a result of a higher risk of ectopic recombination for longer TEs can be excluded (supplementary fig. S9 , Supplementary Material online). Thus, we conclude that the impact of TE silencing on neighboring gene regulation seems to be an important factor shaping selection against TEs in C. grandiflora.
Our results are in very good general agreement with previous findings described in A. thaliana (Hollister and Gaut 2009) and Drosophila melanogaster (Lee 2015) as well as with the general view that the location of a silenced insertion is the most important factor when it comes to the side effects of the host initiated TE silencing process (Lisch 2013; Sigman and Slotkin 2016; Hirsch and Springer 2017) . Consistently with previous studies on A. thaliana (Wright et al. 2003; Hollister and Gaut 2009), 87 .2% of all TEs found in C. grandiflora were outside of genes. The genome-wide proportion of siRNAÀ TEs was 12% in C. grandiflora, which is similar to the proportion in A. thaliana (15%; Hollister and Gaut 2009). Like in A. thaliana (Hollister and Gaut 2009) , the proportion of siRNAÀ TE insertions relative to both TE types within a specific genomic region was the highest within genes (21.7%) and decreased with an increasing distance to genes until reaching approximately genome-wide proportions >2 kb away from genes (9.8%). Additionally, the distribution of siRNAþ TE insertions revealed a significant underrepresentation of siRNAþ TEs in genes (table 1), like in A. thaliana (Hollister and Gaut 2009) . Finally, the median distance to the next gene was significantly higher for siRNAþ than for siRNAÀ TE insertions, which was also the case in A. thaliana (Hollister and Gaut 2009 ). Although we did not directly assess local methylation status, in A. thaliana it has been shown that small RNA targeting is a good proxy for methylation status (Hollister and Gaut 2009) .
We found no strong support for major deviations from demographic equilibrium based on comparisons of expected and observed 4-fold synonymous site frequency spectra under a standard neutral model, suggesting that demographic changes should have a limited effect on our TE insertion frequency spectra (supplementary fig. S7A , Supplementary Material online). We also investigated the possibility of purifying selection affecting our IFS under a relaxed transposition rate assumption by a detailed analysis using a method that accounts for TE age. Although these results should be seen as tentative, as they are based on a low number of TE insertions, they suggest that negative selection is more important than variation in TE transposition rates in explaining TE insertion frequencies in C. grandiflora ( fig. 3) .
To investigate the impact of our bioinformatic procedure to classify TEs as siRNAþ or siRNAÀ, we increased the mapped siRNA cutoff, but the results remained similar (supplementary figs. S2 and S3, Supplementary Material online). In particular, one unexpected result remained regardless of the cutoff used, namely the excess of rare siRNAÀ TE insertions flanking genes compared with the other three siRNAÀ TE insertion groups ( fig. 1C ). This would suggest that for siRNAÀ chromosome arm TE insertions, purifying selection has a similar impact on insertions in genes, 1-2 kb from genes and >2 kb from genes but that siRNAÀ TE insertions flanking genes are under stronger purifying selection. Although it is possible that gene flanking insertions are more likely to disrupt functional DNA sequences like cis-regulatory regions than insertions further away from genes, this does not explain the observed difference in IFS between insertions flanking genes and those in genes. It is however possible that we missed or falsely assigned some silenced TE insertions, because we used small RNA data from C. rubella to discriminate siRNAþ and siRNAÀ TE insertions in C. grandiflora. Additionally, false positive/negative TE identifications and inaccurate insertion frequency estimations are possible as a result of challenges resulting from identifying nonreference TE insertions (Kofler et al. 2016) . Although simulations have shown that PoPoolationTE2 can have an error rate of up to 4.8% for TE identification, the accuracy of estimates of TE frequencies was in general higher for TEs with population frequencies $0.1 or 0.9 (mean estimation deviation $0.01) (Kofler et al. 2016 ). However, we do not expect such errors to depend on the epigenetic state of TEs, and our results were further robust to different siRNAþ/ siRNAÀ assessments and to reanalyses using subsampled data (supplementary figs. S1-S6, Supplementary Material online). Thus, errors in TE identification likely have a minor effect on our results. Future studies should generate small RNA data directly from the studied C. grandiflora individuals and improvement of TE identification software should mitigate such effects.
The TE age assessment in C. grandiflora based on C. rubella could also be a source of error, because losses or gains of TE copies in in C. rubella would lead to over-or underestimation of the age of TE copies (Blumenstiel et al. 2014) . Additionally, not all copies of the Gypsy 2395 and Gypsy 2500 retrotransposons could be properly aligned to their respective references, which could also lead to incorrect age estimates. However, all TE insertions which were used for the neutrality test were relatively old, with age estimates ranging from circa 240,000 to 6,800,000 years. This was expected since we only used TE insertions which were present in C. grandiflora and C. rubella, therefore, we expect the last common ancestor of these two species to have harbored these insertions. We argue that determining the age of the TE insertions found in C. grandiflora by estimating their age in C. rubella yielded, despite some alignment issues, reliable results for these particular TEs. Additionally, because we excluded all insertions found in C. rubella but absent in C. grandiflora, we probably failed to include some TE insertions which were completely removed by selection from the C. grandiflora population. However, we decided not to include these insertions in our analyses because we could not distinguish between insertions which are effectively absent in the C. grandiflora population and insertions that we failed to detect. As higher quality C. grandiflora assemblies based on long-read technology become available, permitting detailed analyses of a broader range of TEs (as in, e.g., Jiao et al. 2017 ), it will be important to revisit these results and assess how generally they apply to other TE families.
In this study, we first showed that in centromeric and pericentromeric regions, TE silencing is not affecting purifying selection against TEs. Second, silenced TEs are under significantly stronger purifying selection than other TEs in the chromosome arms, and silenced TEs close to genes are under significantly stronger purifying selection than those further away from genes, and are also on an average found farther away from genes than TEs that are not silenced. Previously, Steige et al. (2017) showed that the presence/absence of TEs in the proximity of genes was associated with cis-regulatory gene expression variation in C. grandiflora and silenced TEs were associated with lower allele-specific gene expression in Capsella F1 hybrids (Steige et al. 2015) . Based on these results and our findings, we conclude that gene expression variation caused by silenced TEs results in decreased fitness leading to stronger purifying selection against silenced TEs near genes. These findings contribute to our understanding of the evolutionary process governing TE accumulation in outcrossing plants and suggest that increased selection against silenced TEs in chromosome arms results from a tradeoff between reduced TE activity and nearby gene expression silencing, as hypothesized by Hollister and Gaut (2009) .
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